INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is characterized by airflow limitation [1] , and has been reported by the World Health Organization to be the third leading cause of death worldwide [2] . Chronic respiratory diseases, including COPD and asthma, account for 4.7% of global disability-adjusted life-years, and the COPD burden is influenced by severity, exacerbation, and comorbidities [3] [4] [5] . This burden is expected to remain high in coming decades due to population Air Pollution and Health Status in Japan aging in developed countries, including Japan and Korea. Although smoking is the best-known risk factor for COPD, occupational exposure and air pollution are also known risk factors [1, 6, 7] .
Of these factors, exposure to air pollution is particularly difficult to avoid. Air pollutant concentrations are associated with morbidity and mortality from cardiorespiratory diseases [8] , and outdoor air pollution is associated with the exacerbation of COPD [9] . In Japan, major sources of air pollution were industry during the 1950s and 1960s and motorization during the 1970s. Such air pollution has decreased due to efforts by policymakers and the public administration [10] . However, there has been a recent revival of concerns about air pollution in Japan, partly owing to transboundary air pollution from mainland East Asia, where some severely air-polluted areas are known to be located [11] [12] [13] [14] [15] . Air pollutants come not only from anthropogenic sources, but also from a natural phenomenon known as Asian sand dust (ASD). ASD particles originate in Northeast Asia, and westerly winds transport ASD to Korea and Japan during the spring. These particles are accompanied by pollutants produced by industries on the eastern coast of China [16] [17] [18] . Air pollution might affect an individual's health status by exacerbating existing diseases and symptoms. Moreover, the impact of air pollution on health status might be greater for respiratory diseases than for other conditions. We therefore investigated the associations between air pollution and health status among individuals with and without chronic respiratory diseases in Japan.
METHODS

Study Design and Location
Panel studies were conducted in 2 areas of Japan: Yamaguchi-ken Saiseikai Shimonoseki General Hospital, Shimonoseki City Hospital, Ushio Iin Kamenokou Clinic, Ikeda Naika Clinic, Chijimatsu Kokyuki Junkanki Naika Clinic, and Ohata Naika Kokyukika Clinic in Yamaguchi Prefecture; and Niigata Association of Occupational Health and Nishi-Niigata Chuo National Hospital in Niigata Prefecture. The studies were conducted during 2010-2015 in Yamaguchi and 2011-2015 in Niigata, with different participants each year. Participants were recruited during routine visits for stable chronic respiratory diseases or check-ups for participants without respiratory conditions. The follow-up rate is presented in Supplemental Material 1.
Participants
Initially, 2981 Japanese participants signed up for this study. To avoid a disproportionate age distribution between participants with and without respiratory diseases, 102 participants were excluded because they were outside the age range of 50-79 years old. To exclude patients in an unstable condition and those with an inaccurate diagnosis, we excluded participants with infectious diseases; those with severe diseases such as cancer, pneumoconiosis, pulmonary sarcoidosis, bronchiectasis, or a history of pneumonectomy (n=103); those with incomplete questionnaires (n=7); and those who did not undergo proper pulmonary function tests (n =16). Finally, 2753 participants were included in the analysis.
Measurements
Participants completed a questionnaire with items on age, sex, and symptoms experienced during the previous fortnight. They also completed the Dartmouth COOP Functional Health Assessment Charts/World Organization of Family Doctors (COOP/ WONCA) questionnaire charts, which were used to measure health status, functional status, and health-related quality of life (HR-QoL) during the previous fortnight. Permission was obtained from the Japan Primary Care Association to use the Japanese version of the COOP/WONCA charts. The responses to the COOP/WONCA charts comprised 8 items ("physical fitness," "feelings," "daily activities," "social activities," "change in health, " "overall health, " "pain, " and "quality of life [QoL]"), scored using a 5-point ordinal scale (1, best functioning; 5, worst functioning) [19] . Questionnaires were administered to participants during February, with follow-ups during April-May and JuneJuly in each year. The questionnaire was administered on-site in February and by mail during April-May and June-July; the content of the questionnaires was the same in each period.
Air Quality Data
Air monitoring data were obtained from local public administrations and the Ministry of the Environment of Japan. Variables including carbon monoxide (CO), nitrogen dioxide (NO2), photochemical oxidants (Ox), sulfur dioxide (SO2), particulate matter <2.5 µm in diameter (PM2.5), and suspended particulate matter (SPM) were measured according to the air quality standards (AQS) of the Ministry of the Environment of Japan [20] . SPM was defined as airborne particles with a diameter less than about 7 µm. The category of Ox included oxidizing substances, such as ozone and peroxyacetyl nitrate, produced by photo-chemical reactions (only those capable of isolating iodine from neutral potassium iodide, excluding NO2) [20] . Data obtained at the monitoring station nearest the residential address of each participant were considered as the participant's environmental exposure. A map of the survey area is shown in Figure 1 .
Data Handling and Statistical Analyses
All data were anonymized. We used a binary logistic model that specified a binominal distribution and a logit link function in a generalized estimating equation (GEE) analysis [21] .
For the GEE analysis, COOP/WONCA chart scores were coded as dependent variables (0=better scores [1-3 points]; 1=worse scores [4-5 points] ). The following questions addressed respiratory symptoms:
• Q1, Does the weather affect your cough?
• Q2, Have you ever coughed up sputum from your chest when you do not have a cold? • Q3, Do you usually cough up sputum from your chest first thing in the morning? • Q4, How frequently do you wheeze? • Q5, Do you have or have you had any allergic symptoms? In the GEE analysis, negative and positive responses were coded as 0 and 1, respectively.
Odds ratios (ORs) were adjusted according to the independent variables, including survey region (0=Niigata; 1=Yama-guchi), age (by 10-year intervals), sex (0 =female; 1 =male), body mass index (BMI; 10 kg/m 2 ), smoking status (0 =never smoker; 1=former smoker; 2=current smoker), COPD severity (0=no COPD; 1=Global Initiative for Chronic Obstructive Lung Disease [GOLD] stage 1; 2=GOLD stage 2; 3=GOLD stage 3-4), physician-diagnosed asthma (0=no asthma; 1=asthma), the interaction between COPD (0=no COPD; 1=COPD) and asthma (0 =no asthma; 1 =asthma), hay fever (0 =no hay fever; 1 =hay fever), time spent outdoors (by 1-hour increments), ambient temperature (by 10°C increments), and relative humidity (by 10% increments). ORs were presented for incremental differences of 10 ppb (Ox), 10 µg/m 3 (SPM, PM2.5), and experience of an ASD event during the previous fortnight. For SPM and PM2.5, the mean of the preceding 14 daily mean values was entered as the independent variable. The mean of the daily mean values (6 a.m. to 8 p.m.) of each of the preceding 14 days was entered as the independent variable of Ox. If a participant experienced an ASD event during the previous fortnight, the variable was coded as 1; otherwise, 0 was entered. We used air quality data from the preceding 14 days because the questionnaire queried participants about their conditions during the previous 2 weeks. Air quality variables were entered separately in the model because they vary in relation to each other and multicollinearity was a concern.
Statistical analyses were performed using SPSS version 25 (IBM Corp., Armonk, NY, USA) with the chi-square test for categorical data, the Welch t-test for continuous data, and GEE analysis. A p-value <0.05 was considered to indicate statistical significance. 
Ethics Statement
RESULTS
Characteristics of Participants
As shown in Table 1 , more individuals with chronic respiratory diseases (patients) in Yamaguchi (n=911, 82.5%) participated in the present study than those in Niigata (n =321, 19.5%). The mean age of patients with chronic respiratory diseases was significantly higher than that of participants without chronic respiratory diseases (non-patients) in both areas. In Niigata, the mean BMI of patients was significantly lower than that of non-patients. There were more male than female participants in Niigata (sex ratio=1141:508) whereas the proportion of each sex was nearly equal in Yamaguchi (sex ratio=562:542). The current smoking rate among non-patients in Niigata (23.2%) was higher than that of non-patients in Yamaguchi (14.0%). In both areas, there were fewer smokers among patients than among non-patients, whereas there were more former smokers among patients than among nonpatients. There were more patients with severe COPD (GOLD stage 3-4) in Niigata (24.3%) than in Yamaguchi (9.8%). Figure 2 depicts CO, SO2, and NO2 concentrations, which were generally well below the AQS [20] . NO2 concentrations exceeded AQS on 7 days over the 6 years, in Yamaguchi only. Although the monthly average of daily Ox levels did not reach the AQS during the study period, there were many days on which the hourly Ox levels during daytime hours exceeded the AQS (1113 days in Yamaguchi; 691 days in Niigata). The relatively large standard deviations of the monthly PM2.5 and SPM concentrations in both areas indicate large fluctuations in the daily levels of those pollutants. On some days, daily PM2.5 (247 days in Yamaguchi; 62 days in Niigata) and SPM levels (113 days in Yamaguchi; 3 days in Niigata) exceeded the AQS, yet the monthly means of both were below the AQS during the study period. ASD events were observed more often in Yamaguchi than in Niigata.
Seasonal Variations in Ambient Air Quality During the Study
Associations Between Exposure to Air Pollution and Respiratory Symptoms
As shown in Table 2 , symptoms 1 (weather affecting a cough), 2 (sputum production without a cold), and 3 (sputum production first thing in the morning) were significantly associated with Ox (symptom 1: OR, 1.094; 95% confidence interval [CI], 1.022 to 1.171; symptom 2: OR, 1.139; 95% CI, 1.083 to 
Associations Between Exposure to Air Pollution and Health Status
As shown in COPD severity was significantly associated with worse scores on all items except feelings and pain, and the magnitude of association increased with disease severity. Physician-diagnosed asthma was significantly associated with worse scores on all items except physical fitness ( Table 3 ). The interaction between COPD and asthma was significant for all items. 
DISCUSSION
Transboundary air pollution occurs during the winter in Japan due to severe air pollution in mainland East Asia [22, 23] . ASD events are frequently observed during April-May [24] . Therefore, the first survey was held during winter, with follow up during April-May. The third survey was conducted during June-July, when the ambient air is relatively clean.
Adverse effects of air pollution have been reported for decades [25, 26] . In the present study, Ox concentrations were associated with symptoms 1-3 ( Table 2 ). These symptoms were also associated with hay fever, COPD, and asthma (Table 2) . These results suggest that Ox triggered respiratory symptoms even in participants without chronic respiratory diseases (nonpatients), and that patients with these diseases were affected more adversely by Ox than non-patients. ASD was associated only with allergic symptoms, which were not associated with COPD; however, hay fever and asthma were related to allergic symptoms (Table 2 ). This finding is unsurprising because allergic or asthma-like symptoms have been reported to occur without clinical signs in some cases of environmental exposure [27] .
We measured health status, including QoL, because the concept of HR-QoL has been proposed as a health outcome of environmental pollution [28] . Here, physical fitness was associated with SPM, PM2.5, and COPD (Table 3) . This result was also anticipated given that chronic airway obstruction degrades an individual's physical fitness score, and this functional deterioration is enhanced by particulate matter. Ox concentrations were significantly associated with change in health, overall health, and QoL, and were related to hay fever, COPD, and asthma (Table 3) . Change in health and QoL were associated with ASD events, and QoL showed a significant association with SPM. These results suggest that air pollutants, such as Ox, SPM, and ASD, tend to be associated with the comprehensive domain of health status, including change in health, overall health, and QoL. PM2.5 was significantly related only to physical fitness. The acute effects of exposure to PM2.5 might be less likely to occur than those of exposure to SPM and ASD, which are composed of larger particles.
The adverse health effects of ozone have been well documented [29, 30] . Ozone enhances airway hyperreactivity, even in healthy people [31, 32] . The results of the present study are consistent with those of previous studies. Although the health effects of acute exposure to particulate matter have been evaluated using endpoints such as death, hospitalization, and symptoms [25, 26, 33] , SPM and PM2.5 were not associated with any symptoms in this study (Table 2) . We speculate that PM2.5 affects mortality and morbidity through long-term exposure, rather than by triggering symptoms caused by physical stimuli irritating the respiratory system. ASD events in Japan greatly influence particulate matter concentrations [16] [17] [18] and are associated with increased mortality and morbidity [34] [35] [36] . In the present study, ASD events showed a significant association with allergic symptoms, and regional differences in allergic symptoms were observed ( Table 2) . As ASD events were recorded more frequently in Yamaguchi than in Niigata (Figure  2 ), the regional difference in allergic symptoms might have been due to the difference in frequency of ASD events. These results suggest that recent experience of an episodic increase in particulate concentration, as occurs during an ASD event, is responsible for triggering allergic symptoms.
Air pollution has been reported to be associated with the "vitality" domain of the Medical Outcome Study Short Form-36 Health Survey (SF-36), a questionnaire measuring HR-QoL [37, 38] . "Vitality" is part of the mental component of the SF-36, whereas the corresponding item in the COOP/WONCA charts is "feelings. " In contrast to previous studies, air pollution was not associated with feelings, but was predominantly associated with broader and comprehensive items such as change in health, overall health, and QoL (Table 3) . Differences in the study population or design might explain the differing results across studies. All symptoms except allergic symptoms and all health status items except feelings and pain were associated with COPD; these symptoms and health status (excluding symptom 4, daily activities, and social activities) were also associated with at least 1 air pollutant, even after adjustment for respiratory diseases (Tables 2 and 3 ). These results suggest that, in terms of symptoms 1-3, physical fitness, change in health, overall health, and QoL, patients were more vulnerable than nonpatients to air pollution exposure. We observed a negative interaction between COPD and asthma (Tables 2 and 3 ). It is reasonable that asthma with concomitant COPD showed no synergistic effects on outcomes because some symptoms, such as coughing and wheezing, are common to both diseases. However, why the effect of asthma (without COPD) on outcomes (especially for symptoms) was greater than that of asthma overlapping with mild COPD remains unclear.
There are several limitations of this study. First, the followup was not strict, as this was designed as a panel study; therefore, the underlying causal relationships remain unclear. Additionally, participants did not always fill out questionnaires during deconditioning, even though air pollution caused adverse effects on participants. Thus, the impact of air pollution may have been underestimated. Second, it was impossible to account for individual differences in participants' activities and movements, which may have affected their exposure to air pollutants. To accurately estimate the effects of air pollution, it is necessary to measure personal air pollution exposure.
In conclusion, respiratory symptoms were found to be more strongly affected by Ox than by other pollutants. We found significant associations of air pollutants with a comprehensive range of items relating to health status, including overall health and QoL. Although the associations of air pollutants with respiratory symptoms and health status were more apparent in patients with respiratory diseases, adverse associations between these outcomes and air pollutants were significant, even in participants without respiratory diseases.
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